Introduction 2 Modelling dynamics in street canyons

119
Street canyon geometry is normally characterised by the aspect ratio, i.e. W H / (building-height-to-120 street-width, herein referred as to AR ) and W L / (building-length-to-street-width). According to 121 Vardoulakis et al. (2003) , street canyons might be classified into avenue detail of a street canyon, which may be empirically derived and widely used. When L is infinitely 125 large, this corresponds to a two-dimensional (2D) street canyon; otherwise, a three-dimensional (3D) 126 street canyon architecture must be considered and the value of L describes the distance between two 127 street intersections. Flow patterns in street canyons under neutral meteorological conditions with 128 perpendicular approaching wind can be classified into three main regimes (Oke, 1987) ). The SF regime occurs in more tightly spaced buildings (
representing the worst-case scenario for pollutant dispersion. 133
Numerical modelling
134
As a numerical modelling technique, CFD is a powerful tool to explore experimental flow problems, 135 to characterise air pollutant transport and dispersion processes, and to provide a detailed distribution 136 of canyon flow and pollutant dispersion with high spatial-temporal resolution (Chang, 2006) . A 137 CFD package may include a series of numerical governing equations for turbulent flow and 138 pollutant dispersion, potentially involving the coupling of both dynamics and chemistry. The 139 turbulence closure schemes for the CFD packages are classified into two categories: Reynolds-140 averaged Navier-Stokes (RANS) and Large-Eddy Simulation (LES). RANS resolves only the mean 141 well represented by the ACH and PCH. It was found that more pollutants were trapped inside the 272 street canyon near the ground with an increase in canyon aspect ratio. 273
The one-equation SGS model (Schumann, 1975) 
Simplified parameterisation
321
Although numerical modelling is able to capture temporally and spatically detailed information 322 about dynamics in street canyons, it is still very complex and computationally expensive for many 323 practical applications. Parametric modelling based on simple operational relationships between the 324 street-canyon flow and dispersion conditions is an alternative tool, which is relatively simple and 325 demands much less computational cost (Murena et al., 2009 Turbulent exchange (transfer) between the street canyon and the overlying atmospheric boundary 331 layer controls pollutant abundance in the street canyon (Barlow et al., 2004) and plays a uniquely 332 important role in parametric modelling (Murena, 2012 (Johnson et al., 1973) and 341 the Operational Street Pollution Model (OSPM) (Buckland, 1998) , it is assumed that the exchange 342 velocity is proportional to the characteristic velocity in the overlying boundary layer. However, the 343 dependence of exchange velocity on the street-canyon flow can be very complex and influenced by 344 The representation of atmospheric chemistry for air pollution modelling also plays an important role 368 for reactive species. Considering the street-canyon scale (short distance from emissions sources to 369 receptors), the time scale of pollutant transport is of the order of minutes and therefore chemical 370 transformation processes of significance in street canyons are those which display comparable (or 371 shorter) timescales. Thus, some pollutants (such as CO and many hydrocarbons), which are not 372 significantly influenced by chemical transformation on the second-to-minute timescales, can be 373 regarded as passive scalars (non-reactive species) in a street canyon context. However, this is notthe case for short-lived pollutants (such as NO 2 and O 3 ) and highly reactive chemical species (such 375 as hydroxyl radical (OH), hydroperoxy radical (HO 2 ) and organic peroxy radicals (RO 2 )). For such 376 species, chemical reactions must be taken into account for the prediction of pollutant abundance in 377 street canyons. A chemical mechanism describes mathematically the chemical processes in the 378 atmosphere for the removal and formation of primary and secondary chemical species (Jimenez et 379 al., 2003) , as discussed below, with a focus upon gas-phase processes. 380
Simple NOx-O3 chemistry
381
The simple NO x -O 3 chemistry (Smagorinsky, 1963) vehicles into the street canyon is predominantly in form of NO with a small (but in many 387 environments increasing) fraction of NO 2 . Within the urban environments, the NO x -O 3 titration 388 interaction with freshly emitted NO can result in a significant local sink for O 3 in street canyons, 389 providing a reduction of O 3 level compared with the surrounding rural areas (or overlying canopy 390 layer). On a city-wide basis, this effect is also called the "urban decrement" (Munir et al., 2013) . 391
Due to its simplicity, the simple daytime NO x -O 3 system has been previously adopted in parametric 392 modelling, e.g. OSPM (Berkowicz, 2000) 
Complex chemistry
396
The simple NO x -O 3 chemistry only accounts for daytime NO x -O 3 interactions, without 397 consideration of other NO y (reactive nitrogen oxides) species, nighttime processing, and the 398 oxidation of VOCs. Therefore, more realistic chemistry involving detailed inorganic and VOCs 399 reactions should be also considered for a comprehensive description of the urban atmosphere. Such 400 representations may include the reactions of radical species (e.g. OH, HO 2 and RO 2 ) which may 401 result in additional (non-O 3 ) conversion of NO to NO 2 , and hence to net ozone / oxidant production, 402
that cannot be captured by the simple NO x -O 3 chemistry. There are a wide range of mechanisms 403
(from near-explicit to substantially reduced mechanisms) with varying complexity considering both 404 NO x and VOCs chemistry which have been applied in street canyon studies, and which are briefly 405 discussed below. (Gross and Stockwell, 528 2003) . The EMEP mechanism applies a lumped molecule technique to give representations of 529 organic compounds with a series of species of similar structure and reactivity. The EMEP 530 mechanism is highly aggregated, and is usually only applied within the atmospheric boundary layer. 531
Comparison of chemical mechanisms
532 Table 1 urban street canyon (AR=2). The ozone production rate inferred from NO x -O 3 non-equilibrium was 648 found to be negative within the canyon, pointing to a systematic negative offset to ozone production 649 rates inferred by analogous field measurement approaches in environments with incomplete mixing. 650
This metric could serve to investigate the interplay of dynamics and chemistry in street canyons. 651
Reactive pollutants exhibited significant spatial variation caused by the two unsteady vortices 652 present, agreeing reasonably well with a water channel experiment (Li et al., 2008c) . The deviation 653 of species abundance from chemical equilibrium for the upper vortex was found to be greater thanthat for the lower vortex. An alternative, simplified two-box model was developed based on the 655 existence of two vortices, assuming that the deep street canyon can be described by two individual 656 well-mixed boxes with exchange between them. This two-box model can capture the significant 657 contrasts in the concentration of species inside both the lower and upper canyon vortices as 658 predicted by the LES simulation. However, this model only considered simple chemistry under 659 neutral meteorological conditions with constant (no temperature or radiation dependence) reaction 660 rates. between the canyon and the overlying background on the O 3 levels were extensively investigated. 768
The O 3 levels within street canyons were found to be strongly linked to the segregation of spatially 769 varying emissions and to be balanced by both chemistry and dynamics. Their study indentified a 770 straightforward approach to consider the effects of both chemistry and dynamics using box models 771 with a wide range of emission scenarios. However, this study was restricted to two boxes 772 representing two idealised street canyons (totally segregated) with emission heterogeneity. dispersion within street canyons. The AR (aspect ratio) influences the number of primary recirculations formed inside a street canyon and the higher the AR is, the larger the number of
